In this paper we show how the IBM superconducting chips can be a powerful tool for teaching foundations of quantum mechanics for undergraduate students (for graduates as well, in some cases). To this end, we briefly discuss about the main elements of the IBM Quantum Experience platform necessary to understand this paper, i.e., how to implement operations and single-qubit measurements. As the application, we experimentally study the dynamics of single spin systems interacting with static and time-dependent magnetic fields. First, we study the resonant behavior of a single spin coupled to a time-dependent rotating magnetic field. To end, we study the Larmor precession phenomenon. In both cases we show theoretical and real experimental implementation.
I. INTRODUCTION
In traditional courses of quantum mechanics where we introduce the notion of singlespin dynamics, some interesting results are discussed in a purely theoretical way, without any experimental implementation or verification. Obviously, it is due to particular financial limitation in some physical institutes. In particular, the answer to some questions can not be verified and we need the students to believe in what has been said in class. On the other hand, simulating quantum physics is an interesting task we can accomplish in the IBM Team's quantum plataform, namely, the IBM Quantum Experience (IBM-QE)
1 .
From such platform we have access to a five-qubit 2 in which we can manipulate it from unitary operations (unitary operators) and measurements. This platform has been used to experimentally confirm some theoretical results on quantum information and computation [3] [4] [5] [6] [7] as well as to implement high technology quantum protocols like teleportation 8, 9 and among others [10] [11] [12] [13] . In this paper we discuss how useful the IBM-QE can be in a physics teaching scenario, where we develop a didactic strategy to deal with the problem of experimentally present the foundations of a single-spin dynamics in presence of a magnetic field, including time-dependent ones.
To this end, we first present the relevant elements that we need to know before starting the simulation of the examples we will present here. We discuss about the unitary operators we will use in our simulations and how we can implement measurement of magnetization in IBM-QE. By the way, we adopt an approach which allow us to introduce how measurement of some physical quantities are performed in a Nuclear Magnetic Resonance (NMR) experimental setup 14 . Then, we discuss about the first interesting phenomena of single-spin dynamics, namely spin resonance phenomena, associated with a 1 2 -spin particle in presence of a strong static field along z-direction and a rotating magnetic field. We discuss how the resonance phenomena emerges from a suitable choice of the rotating magnetic field frequency and how it allows us to promote transitions between "spin up" and "spin down" states of the system, even when such rotating field is weakly interacting with the system 14, 15 . To end, we study the Larmor spin precession behavior. 
A. IBM-QE single-qubit operations
The relevant (to this paper) single-qubit operations implemented on a IBM five-qubit chip are
where λ, φ and θ are free real parameters which can be adjusted in accordance with gate to be implemented. It is possible to see that the gates U 1 (λ) and U 2 (λ, φ) can be obtained from gate U 3 (λ, φ, θ), but under experimental viewpoint the gates U 1 (λ) and U 2 (λ, φ) can be more efficient than its counterpart obtained from U 3 (λ, φ, θ). In fact, each gate needs a time to be implemented, where U 1 (λ) does not take time to be implemented (more precisely, the gate time duration can be neglected), U 2 (λ, φ) is a gate with duration of 1 unit of gate time and U 3 (λ, φ, θ) is implemented with duration of 2 units of gate time. Therefore, it is most convenient to use the gates U 1 (λ) and U 2 (λ, φ) whenever possible.
B. Measuring physical quantities
In particular, the IBM-QE allows us to implement measurements in computational basis |0 ≡ | ↑ and |1 ≡ | ↓ , i.e., given a quantum state |ψ = a| ↑ + b| ↓ , the output of a measurement provides the values of |a| 2 and |b| 2 . Thus, the physical quantities which we can measure in IBM-QE are constrained to that one which can be obtained from parameters |a| 2 and |b| 2 . For example, if we want to measure the expected value of the spin along z direction, we have
Thus, it is possible to compute M z . In addition, if we want to compute the expected value of spin along x direction, we need to compute M x = ψ|S x |ψ . It can be done if we define the operator
where one uses the relation S x = HS z H to write
with |ψ x = H|ψ . In quantum computation, the operator H is a Hadamard gate and it can be implemented on IBM-QE. In conclusion, it means we can measure M x if implemented a Hadamard gate on the state |ψ before measure the state in computational basis. In the same way, a measurement of M y = ψ|S y |ψ can be done if we implement the operation
which represents a rotation of π around axis x. In fact, we can show that
with |ψ y = R † x (π)|ψ . Thus, we can measure any spin magnetization around the directions x, y and z. In addition, we can perform measurement of any physical quantity Ç which can be written as Ç = Rr(φ)S z R † r (φ), where Rr(φ) denotes a rotation of φ around directionr, from equation
III. SINGLE-SPIN DYNAMICS ON IBM QUANTUM EXPERIENCE
The spin is a inner degree of freedom of the electron which can be manipulated with external magnetic fields. In particular, for a 1 2
-spin particle we have two distinct states |↑ and |↓ . These two states satisfy the eigenvalue equation
in which is the reduced Planck's constant and S n = ( /2)σ n , where σ n (n = {x, y, z})
denotes the Pauli matrices for a two-level system given by (with i = √ −1)
so that the matrix form for the basis |↑ and |↓ reads as
with subscript "t" denoting transpose of a matrix.
A. Simulating Nuclear Magnetic Resonance phenomenon
Let us consider the coupling dynamics of a single -spin with a rotating magnetic field B(t) given by
where B 0 = B 0ẑ is strong around Z-direction and B rf (t) is a time-dependent transverse magnetic fields, given by
where ω is the rotating frequency of the transverse magnetic field, also known as RadioFrequency (rf) field. Therefore, the coupling energy of the system with the field yields the Hamiltonian
where ω 0 is the Larmor frequency and ω rf is the coupling of the spin with rf-field. The solution of the Schrödinger equation for the system is known and given by
In matrix form, we write each evolution operator as
where ∆ = ω 0 − ω is a detuning between the rf-field and the Larmor frequencies, and
rf is the effective Rabi frequency, which takes into account effects due the detuning 19 . It is worth to mention that the factored term e − iωt 2 in U 0 (t) represents a global phase and will be neglected from now on. In particular, here we will simulate the resonance phenomena, in which a small rf-field (|ω rf | ≪ |ω 0 |) can be used to flip the spin state when the rf-field oscillation frequency is close to ω |∆| → 0. Under this configuration, the operator
and the system will evolve as
In case where the initial state is given by |ψ (0) = |↑ , by computing time-dependence of the Z-spin component we get
Notice that the parameter ω does not develop any role in above quantity. We choose this particular state because the standard input state in IBM quantum chip is the computational state |0 , namely the spin-up state |↑ .
To simulate the spin dynamics of the Eq. (18) we need to map the evolution operators U 0 (t) and U ress xz (t) into available parameters in IBM-QE. We mean, from Eqs.
(1) we need to identify each the operator U 0 (t) with U 1 (λ 1 ) and the operator U ress (t) with U 3 (λ, φ, θ) for a particular choice of the parameters λ, φ and θ. A first point to be highlighted is that λ, φ and θ are dimensionless parameters, so we need to link dimensionless parameters of U 0 (t) and U ress xz (t) to those ones in operators U 1 (λ 1 ) and U 3 (λ, φ, θ). In our case, it is possible to see that U 1 (−ωt) = U 0 (t) and U 3 ( ) = U ress (t). In conclusion, U ress (t) would be simulated through the sequence
whose the circuit is shown in Fig. 1 . In Fig. 1a we present the theoretical and experimental data of the resonant spin dynamics. To this end, we encode our spin to be driven by Hamilto- Now, as a second application, let us discuss the experimental simulation of the Lamor precession. By considering the system at initial state
where θ ∈ [0, π]. If the system is driven by a time-independent magnetic field along zdirection, i.e., B 0 = B 0ẑ , the associated Hamiltonian is read as
whose the evolved system will be given by (up to a global phase)
given in Eq. (15) . Now, by computing the behavior of the physical quantities defined in Eqs. (2), (4) and (6), we get
Now, in order to see the precession behavior, if we define the magnetization vector M xy in xy-plane as
we conclude that which represents a vector with norm | sin(θ)| rotating in xy-plane around z-axis. Therefore, when we define the magnetization vector M = M zx + M xy we get
since M z = cos(θ). The geometrical representation of M(t) is shown in Fig. 2a . For this reason, we call such dynamics Larmor spin precession.
To simulate such a dynamics, we need to prepare the initial input state |ψ 0 , then implement the evolution as provided by evolution operatorŨ 0 (t) and finally to measure the magnetization along directions x, y and z. Thus, the circuit which simulates the Larmor spin precession is presented in Fig. 2 and we can build it following three steps:
(1) The initial state: As mentioned, the IBM-QE has a natural input state given by |0 = |↑ , so any algorithm input state should be achieved from it. In particular, the initial state |ψ 0 can be obtained from |↑ through the unitary operation The above unitary operator is obtained from gate U 3 (λ, φ, θ) in Eq.
(1) if we set λ = 0 φ = 0. Thus, we have U inp = U 3 (0, 0, θ).
(2) The evolution: As previously discussed, the evolution as provided by operatorŨ 0 (t)
can be achieved through the U 1 (λ) gate (up to a global phase) whenever we set λ = ω 0 t.
The measurement: The last circuit step is the measurement. To measure the zmagnetization we don't need to implement rotations, since the natural measurement basis performed by IBM-EQ is the computational basis ("spin-up-spin-down" basis in our case). The magnetization measurement along x and y direction is obtained as discussed in Sec. II B, so we need to implement a Hadamard (H) gate and R z = R z (π) gate to measure in x and y basis, respectively.
The experiment of the precession spin was implemented with same qubit as in previous experiment, but with new physical parameters as shown in Table II . In experiment we have two dimensionless parameters to be adjusted, namely the parameter θ associated with initial state and the quantity ω 0 t due the time-dependence of the operatorŨ 0 (t). Thus, we choose two values of θ and we experimentally study the behavior of the physical quantities defined in Eq. (24) as function of ω 0 t. Since we need to start the protocol with same state for each measurement, we set the same parameter θ in gate U 3 for each circuit of the Fig. 2b, while we vary the parameter λ of the gate U 1 used to encode the dimensionless value of ω 0 t. from equation
Therefore, it allows us to compare the experimental result with theoretical values given in Eq. (24) and the results are shown in Fig. 3 . Again, we compute the error bar for each circuit from relation 22 ∆p x,y,z = π p x,y,z 0
(1 − p x,y,z 0 )/N. Thus, we can see the good agreement between theoretical predictions and experimental data.
IV. CONCLUSION
Here we present a didactic proposal which can be used to present a more consistent study on quantum single-spin dynamics, where we discuss about a possibility of dealing with some experimental limitation due limited financial support of some institutes of physics around the world. To this end, we encourage the usage of the IBM-QE platform as a resource for teaching quantum mechanics from a experimental approach, in completeness with the theoretical one. Here we present the required elements (quantum gates and measurement)
to study single-spin dynamics from IBM-QE systems. As a demonstration of how useful the IBM-QE platform can be, we discuss about two particular and interesting dynamics of single-spin system. As a first example, we can discuss about resonance phenomena in systems composed of nuclear spins, which high applicability in nuclear magnetic resonance based quantum technologies. To end, we study the Larmor precession phenomena. Both applications could be experimentally verified. It is worth to highlight that both experiments were implemented in a relatively short time, for our case, in average, it took between 3 and 10 minutes for getting the experimental data file for each execution (each point of the graph).
